Introduction
[2] At low latitudes, the F region electron density maxima are located 10-20°to the north and south of the geomagnetic equator. This feature is known as the equatorial ionization anomaly (EIA) and is due to the eastward direction of the daytime E region electric fields that are generated by neutral winds through the dynamo mechanism. At low latitudes, the daytime eastward electric field results in a vertical E Â B drift and an uplift of the ionospheric plasma. Subsequent motion under the gravitational force results in the plasma traveling downward along the magnetic field lines and being deposited at locations north and south of the magnetic equator [Appleton, 1946] .
[3] A number of observational studies have demonstrated the dominance of a zonal wave number-4 (hereafter called wave-4) longitudinal structure in the EIA when viewed at a fixed local time. The wave-4 structure has been observed in Far Ultraviolet images [Sagawa et al., 2005; Immel et al., 2006] , total electron content (TEC) [Scherliess et al., 2008; Wan et al., 2008] , ionospheric peak height [Lin et al., 2007] , and F region electron densities [Kil et al., 2007; Liu and Watanabe, 2008] . Although the role of neutral winds in generating the EIA has long been recognized, Immel et al. [2006] were the first to connect the longitudinal structures in the EIA with variations in the strength of neutral winds due to upward propagating tides. The predominant origin of the wave-4 structure appears to be the eastward propagating diurnal tide with zonal wave number s = À3 , often referred to as DE3. DE3 is generated by the longitude dependence of latent heating due to deep convection in the tropics Forbes et al., 2001 Forbes et al., , 2006 Oberheide et al., 2006] . DE3 propagates vertically and modulates the E region electric fields that are generated through the dynamo mechanism. Wave-4 longitudinal structures observed in the equatorial electrojet [Lühr et al., 2008] and in E Â B drift velocities [Kil et al., 2007; Hartman and Heelis, 2007] provide observational evidence for the modulation of E region electric fields by DE3. Since the E region electric fields are responsible for the strength and formation of the EIA, variations in the strength of the E region electric fields due to DE3 produces a wave-4 longitudinal structure in the EIA.
[4] DE3 exhibits significant intra-annual variability, and it achieves maximum amplitude in August -September and is minimum during December -January [Oberheide et al., 2006; Forbes et al., 2008] . Similar intra-annual variability has been observed in the wave-4 longitudinal structure of the low-latitude ionosphere Liu and Watanabe, 2008; Wan et al., 2008] . These prior studies demonstrate that changes in the amplitude of DE3 impact the formation and strength of the wave-4 longitudinal structure observed in the low-latitude ionosphere. However, they have only addressed the question of how the intraannual variability in the wave-4 longitudinal structure is related to the intra-annual variability of the DE3 amplitude in a climatological sense. Although DE3 exhibits significant intra-annual variability, DE3 and other nonmigrating tides can also experience day-to-day and interannual variability. Interannual variability in the strength of DE3 was observed by Forbes et al. [2008] ; however, the cause of this variability is unknown. Day-to-day variability in the amplitude of DE3 is closely related with temporal variations in tropical rainfall [Miyoshi, 2006] . Because of the large-scale changes in precipitation and surface temperatures associated with the El Niño -Southern Oscillation (ENSO) [Ropelewski and Halpert, 1987; Trenberth et al., 2002] , it is not surprising that interannual variability in DE3, and other nonmigrating tides, is associated with the ENSO. Gurubaran et al. [2005] observed a decrease in the amplitude of the diurnal tide at mesopause altitudes and attributed this to an increase in the strength of nonmigrating tides associated with the ENSO. During the 1997 -1998 El Niño event, Lieberman et al. [2007] observed large changes in tidal amplitudes due to latent heating in the equatorial region. They reported equatorial increases in DE1 and DW3 and a decrease in the equatorial amplitude of DE3. Given the connection between the amplitude of DE3 and the ionospheric wave-4 longitudinal structure along with the possible interannual variability in the amplitude of nonmigrating tides due to the ENSO, interannual variability might therefore be expected in the amplitude of the wave-4 longitudinal structure.
[5] The primary aim of the present study is to explore interannual variability in the wave-4 longitudinal structure of the low-latitude ionosphere and its connection to changes in atmospheric and oceanic circulation resulting from the ENSO. Prior studies on longitudinal structures in the lowlatitude ionosphere have relied upon either satellite-based measurements [Immel et al., 2006; Lin et al., 2007; Liu and Watanabe, 2008; Pedatella et al., 2008; Scherliess et al., 2008] or Global Positioning System (GPS) TEC observations [Wan et al., 2008] . The combination of limited local time sampling and the relatively short time series available from these observation methods make them ill suited for studying the interannual variability of the wave-4 longitudinal structure. We thus use the ratio of monthly median f o F 2 values between two ionosonde stations from January 1960 to June 1993 as a proxy for the strength of the wave-4 longitudinal structure. Analysis of GPS TEC reveals that the ratio of ionospheric parameters between two locations is a suitable means for assessing the strength of the wave-4 longitudinal structure in the Northern Hemisphere. This is the first time that interannual variability of the wave-4 longitudinal structure has been addressed. Furthermore, we present evidence that the ENSO represents a source of ionospheric variability which has previously not been considered.
Data and Methods

Ionosonde Observations
[6] For the present study we use monthly median f o F 2 observations during 1500 -1600 LT at the ionosonde stations located at Maui (20.8°N, À156°E geographic; 21.2°N, À90.4°E geomagnetic) and Yamagawa (31.2°N, 130.6°E geographic; 20.6°N, À160.9°E geomagnetic) . Local times of 15-16 h are used in the present analysis since the EIA and wave-4 structure are well established during this time. Data from January 1960 to June 1993 for these two ionosonde stations are available through the National Geophysical Data Center Space Physics Interactive Data Resource (available at http://spidr.ngdc.noaa.gov). The location of these two ionosonde stations along with the monthly median GPS TEC between 1500 and 1600 LT during August 2008 is presented in Figure 1 . The monthly median GPS TEC data presented in Figure 1 are based on the daily global ionosphere maps (GIMs) during August 2008 produced by the International GNSS Service (IGS) [Dow et al., 2005] (additional details on the GPS TEC processing are provided in section 2.2). The global wave-4 longitudinal structure in the August 2008 monthly median GPS TEC can clearly be observed. Figure 1 also shows that the Maui ionosonde is located in a longitude sector of enhanced EIA strength while the Yamagawa ionosonde is located near a minimum in the strength of the EIA associated with the wave-4 structure. Because of the location of the ionosonde stations with respect to the longitude sectors of maximum and minimum EIA and wave-4 strength, the monthly median f o F 2 at Maui is divided by the corresponding value at Yamagawa to obtain a time series of f o F 2 ratio that is representative of the strength of the wave-4 longitudinal structure. The use of the f o F 2 ratio as a proxy for the wave-4 structure is validated using GPS TEC observations, and further details on this relationship are presented in section 3.
[7] As the present study is focused on interannual variability in the ionospheric wave-4 longitudinal structure, we first remove the known variability from the f o F 2 ratio time series. The wave-4 longitudinal structure around a local time of noon exhibits a solar cycle dependence that is inversely related to solar activity [Liu and Watanabe, 2008] . To remove the solar cycle variability, a least squares regression analysis was performed on the f o F 2 ratio time series. The regression included a constant term and periodic terms with periods of 10.28 years and 7.86 years. These periodicities correspond to the two dominant periodicities in both the f o F 2 ratio and the F 10.7 cm solar radio flux during the time period of January 1960 to June 1993. It should be noted that the 10.28 year period is significantly stronger than the 7.86 year period; however, the inclusion of the two most dominant periods was necessary to adequately fit the data. The residuals from the regression analysis were then used for the subsequent analysis. Significant intra-annual variability also exists in the strength of the wave-4 longitudinal structure Liu and Watanabe, 2008; Scherliess et al., 2008; Wan et al., 2008] . Using the residuals from the solar cycle fit the intra-annual f o F 2 ratio climatology is obtained by computing a mean value for each month. The climatological monthly mean values are then subtracted from the solar cycle fit residuals in order to obtain a time series of f o F 2 ratio monthly anomalies (RMAs). The greater than 40 years of f o F 2 RMAs provide the extended time series that is desired for the exploration of interannual variability in the wave-4 longitude structure.
Global Positioning System Total Electron Content
[8] GPS TEC is a column integral measurement of the electron density from the surface of the Earth to $20,200 km; however, it is primarily dominated by F region electron densities [Klobuchar, 1996] . Therefore, GPS TEC observations can be considered to be proportional to f o F 2 , and we analyze GPS TEC observations in order to validate the use of the f o F 2 ratio between the two ionosonde stations as a proxy for the wave-4 longitudinal structure. The GPS TEC measurements come from the IGS GIMs [Dow et al., 2005] and are based on slant TEC measurements from a global network of around 200 GPS receivers [Mannucci et al., 1998 ]. The GIMs have a spatial resolution of 2.5°in latitude and 5°in longitude and a temporal resolution of 2 h. The daily GIMs are used to create monthly median GIMs from January 1999 to December 2008. The monthly median TEC observations between 10°N and 20°N magnetic latitude are first normalized by the zonal mean TEC and then a least squares fit to wave numbers 0 -6 is performed to determine the amplitude and phase of each component. The amplitude of the wave number-4 component is then used in the subsequent analysis. Since the ionosondes are located in the Northern Hemisphere, we have focused only on the longitudinal structure in the northern EIA region due to the possibility of hemispheric asymmetries [McDonald et al., 2008] . The ratio of the monthly median TEC between 20°N, À155°E and 30°N, 130°E geographic is also computed. The solar cycle and intra-annual variability is removed from the time series of GPS TEC wave-4 amplitude and GPS TEC ratio to obtain a time series of monthly anomalies in the same manner as was done for the ionosonde observations. To illustrate the use of the f o F 2 ratio as a suitable proxy for the wave-4 amplitude, a comparison of the GPS TEC wave-4 amplitude and GPS TEC ratio monthly anomalies has been performed, the results of which are presented in section 3.
Oceanic Niñ o Index
[9] In the present analysis the ENSO variability is represented by the Oceanic Niño Index (ONI). The ONI is a 3 month running mean of the version 3b extended reconstructed sea surface temperature (SST) anomalies [Xue et al., 2003; Smith et al., 2008] The slight discrepancy between the GPS TEC ratio monthly anomalies and the wave-4 amplitude monthly anomalies may be due to any changes in the location of the longitudinal sectors where the wave-like structure attains maximum amplitude. Removing the climatological monthly mean values eliminates the error due to the ionosphere changing from a wave-4 structure during March to October/November to a wave-3 structure in November/December. However, if the longitudinal structure shifts eastward or westward for a short time period then the TEC ratio may not be in agreement with the wave-4 amplitude.
[11] Given the general agreement between the GPS TEC ratio and the wave-4 amplitude monthly anomalies the ratio between the Maui and Yamagawa monthly median f o F 2 ratios are judged to represent a suitable proxy for the amplitude of the wave-4 longitudinal structure. Unfortunately, because of a lack of overlap between the two time series, it is not possible to directly compare the f o F 2 RMAs with the wave-4 amplitude as derived from GPS TEC observations. The ratio of the monthly median f o F 2 values from January 1960 to June 1993 is shown in Figure 3 along with the solar cycle fit and the 81 day smoothed F 10.7 cm solar radio flux. The solar cycle and intra-annual variability is clearly observed in the f o F 2 ratio values. It is interesting that the amplitude of the wave-4 structure is anticorrelated with solar activity which is consistent with previous observations [Liu and Watanabe, 2008] . This dependence on solar activity is due, at least in part, to the way that molecular dissipation affects the vertical propagation of DE3, through the temperature dependence of molecular viscosity and conductivity, and the dependence of wave vertical structure on the ratio between wave vertical wavelength and the density-scale height [Forbes and Garrett, 1979; Lindzen, 1970; Oberheide et al., 2009; Yanowitch, 1967] .
[12] The f o F 2 RMAs resulting from the removal of the solar cycle and intra-annual variability are presented in Figure 4a . The significant amount of remaining variability indicates that these terms do not fully account for the changing amplitude of the wave-4 longitudinal structure.
The ONI values also shown in Figure 4a appear to correspond loosely with the values of the f o F 2 RMAs. Although the agreement between the two is far from perfect, similar trends are observed in both. As the ONI values are representative of the ENSO, this indicates that changing atmospheric and oceanic circulations associated with the ENSO may be responsible for part of the variability in the wave-4 amplitude that is not associated with either solar cycle or intra-annual variability.
[13] To further explore the connection between the f o F 2 RMAs and the ONI we have considered the yearly extreme values. The yearly extreme value (maximum or minimum with the sign maintained) of the ONI and the extreme value of the f o F 2 RMA in the subsequent 5 months are shown in . Changes in global surface temperature, precipitation, and outgoing longwave radiation can all lag behind changes in SSTs [Trenberth et al., 2002] , and it is necessary to consider any delay between SSTs and the ionospheric effect. We use the extreme value of the f o F 2 RMA in the 5 months after the yearly extreme ONI value to account for any time delay and also any variation in the time delay. The results in Figure 4b demonstrate that significant increases or decreases in the ONI are related to similar increases or decreases in the f o F 2 RMAs. The correlation coefficient between the yearly extreme values in ONI and f o F 2 RMAs in the subsequent 5 months is 0.70 indicating good agreement between the two time series. This is a fascinating result and strongly suggests that changing SSTs associated with the ENSO are capable of influencing electron densities in the F region ionosphere. This surprising connection between the ENSO and the F region ionosphere reveals a new source of interannual ionospheric variability. As the f o F 2 RMAs are thought to be representative of the wave-4 longitudinal structure, it is thought that the interannual variability in SSTs associated with the ENSO represents a source of interannual variability in the amplitude of the wave-4 longitudinal structure.
[14] The ENSO and associated atmospheric phenomenon occur quasi-periodically [Trenberth, 1976; Gu and Philander, 1994] and a wavelet analysis was performed to reveal if similar periodicities and occurrence times are present in the ONI values and the f o F 2 RMAs. The wavelet power spectra computed using the Mortlet waveform of the ONI and the f o F 2 RMAs are shown in Figures 5a and 5b , respectively. To more clearly illustrate the relationship between the two wavelet power spectra, the ONI wavelet power spectra contours are overlayed onto the f o F 2 RMA power spectra in Figure 5b . As can be seen in Figure 5 , the ONI and f o F 2 RMAs have similar periodicities and occurrence times. This provides further evidence for the possible connection between changing SSTs and the ionosphere wave-4 longitudinal structure.
[15] The results presented in Figures 4 and 5 demonstrate that the amplitude of the wave-4 longitudinal structure exhibits significant interannual variability and that this variability may be attributed in part to changing atmospheric and oceanic circulations associated with the ENSO. We now turn our attention to understanding how changing SSTs associated with the ENSO may introduce variability in the amplitude of the wave-4 longitudinal structure. Several prior studies have revealed changes in tidal amplitudes in the lower atmosphere because of the ENSO. Gurubaran et al. [2005] hypothesized that an observed decrease in the amplitude of the diurnal tide in the mesosphere was due to an increase in the excitation of nonmigrating tides. Furthermore, a significant change in the latent heat forcing of nonmigrating tides over the equatorial region was observed during the 1997 -1998 El Niño event [Lieberman et al., 2007] . The complete spectrum of tidal amplitudes was observed to change with the largest changes being a decrease in the amplitude of DE3 and an increase in the amplitudes of DE1, DE2, DW3, and DW4. As DE3 is primarily responsible for generating the wave-4 longitudinal structure a decrease in the amplitude of DE3 should reduce the strength of the wave-4 longitudinal structure. However, in the present analysis we observe an increase in the f o F 2 RMAs (and presumably the wave-4 amplitude) in connection with periods of increased SSTs due to the ENSO. This discrepancy is most likely attributable to the fact that the latent heating wave decompositions and interannual variabilities presented by Lieberman et al. [2007] were for a single latitude, namely, 2.5°S. As the first symmetric mode (Kelvin wave) of DE3 is of primary importance for modulating the E region dynamo fields , variations in DE3 heating at a single latitude do not unambiguously reveal how the amplitude of longitudinal structures in the ionosphere may change because of the ENSO. For instance, a decrease in DE3 heating amplitude at a single latitude could just as plausibly be produced by a latitudinal shift in structure as a uniform decrease in the amplitude of that structure. Thus, the most that we can conclude is that the forcing of nonmigrating tides is likely to be significantly affected by the ENSO, and that this is consistent with our hypothesis concerning the origins of wave-4 variability.
[ relationship is not so apparent. There are several potential reasons for these discrepancies and future studies are necessitated to further explore how the ENSO influences longitudinal structures in the ionosphere. First, it remains unclear how the ENSO affects the generation of nonmigrating tides. In particular, the extent to which the ENSO influences the amplitude of symmetric mode of DE3 is not known. Future studies are required in order to understand both the significance of the changes in DE3 due to the ENSO and also the duration of these effects. Developing a comprehensive understanding of how the symmetric (Kelvin) mode of DE3 is influenced by the ENSO is fundamental to understanding the observed interannual variability in the wave-4 longitudinal structure. Another possible cause of the occasional disagreement between the wave-4 longitudinal structure and the ONI is the use of the f o F 2 ratio as a proxy for the wave-4 amplitude. The f o F 2 ratio may not perfectly reflect the wave-4 amplitude because of either shifting locations of the maxima and minima of the wave-4 structure or changes in the dominant longitudinal structure to wave-2 or wave-3. In the future, as the time series of global ionospheric measurements (such as GPS TEC and satellite measurements) lengthen, it will be possible to explore the interannual variability in the wave-4 longitudinal structure directly based on global observations.
Conclusions
[17] While previous studies have demonstrated the intraannual variability in the longitudinal structure of the ionosphere [e.g., Liu and Watanabe, 2008; Pedatella et al., 2008; Scherliess et al., 2008; Wan et al., 2008] , the present study has demonstrated that significant interannual variability is also present. Using the ratio of f o F 2 between the ionosondes at Maui and Yamagawa as a proxy for the amplitude of the wave-4 longitudinal structure, we have demonstrated that the interannual variability is connected with changing SSTs associated with the ENSO. It is thought that the ENSO induces an interannual variability in the amplitude of nonmigrating tides which produces a similar interannual variability in the wave-4 longitudinal structure.
[18] The fact that changes in SSTs affect the ionosphere several hundred kilometers above the Earth's surface is a surprising new discovery and demonstrates the complex nature of the ocean-atmosphere-ionosphere system. Additional studies are necessary in order develop a complete understanding of how changing SSTs influence longitudinal structures in the ionosphere. Of primary importance is how the generation of nonmigrating tides is influenced by the ENSO. Given the hypothesis that the interannual variability in the wave-4 longitudinal structure is due to interannual variability in the amplitude of DE3, one may further expect to observe significant day-to-day variability in the strength of the wave-4 longitudinal structure. Immel et al. [2009] demonstrated that significant dayto-day variability is present in the wave-4 longitudinal structure that is associated with day-to-day variability in DE3. Although the connection between changing tidal amplitudes in the lower atmosphere and longitudinal structures in the ionosphere is now well established, future studies are necessitated in order to reveal both the causes of variability in the tidal amplitude and how these changes may influence longitudinal structures in the ionosphere.
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